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Recently thermally created pure spin currents were predicted for Zeeman-split superconduc-
tor/normal metal heterostructures. Here it is shown that this ”thermospin” current can lead to an
accumulation of a pure spin imbalance in a system. The thermally induced spin imbalance can reach
the value of Zeeman splitting of the superconducting DOS and strongly influences superconductivity
in the heterostructure. Depending on the temperature difference between the superconductor and
the normal reservoir it can enhance the critical temperature of the superconductor or additionally
suppress the zero-temperature superconducting state. The last possibility gives rise to an unusual
superconducting state, which starts to develop at finite temperature.
I. INTRODUCTION
The coupling of superconductivity and magnetism in
hybrid structures is a focus of the research in con-
densed matter physics now. It leads to many interest-
ing fundamental effects. Among them are Cooper pairs
with finite center of mass momentum, triplet odd fre-
quency Cooper pairs1–13, longer spin lifetimes and spin
charge separation14–25 and fully spin-polarized electric
currents26. The largest part of the mentioned effects
is based on the coupling of charge and spin degrees of
freedom and, therefore, is of interest for superconducting
spintronics27.
Recently it was also shown that coupling of heat trans-
port and charge degrees of freedom in superconduc-
tor/ferromagnet (S/F) hybrid structures also results in
quite interesting effects. The so-called giant thermoelec-
tric effect was predicted in S/F heterostructures with ap-
plied in-plane magnetic field28,29 and in superconductors
with magnetic impurities30. The theoretical prediction
of the giant thermoelectric effect in S/F heterostructures
was experimentally realized in Refs. 31 and 32. It was
also predicted that the use of doubly Zeeman-split su-
perconducting bilayers enhances the thermoelectric ef-
fect significantly33. Further the thermoelectric effect was
proposed in superconducting hybrids with spin-textured
materials without the need to apply an external magnetic
field34.
The coupling of heat and spin degrees of freedom
is also a hot topic now. In particular, heat trans-
port with participation of spin-triplet Cooper pairs was
discussed35. It was reported that in addition to ther-
mally created electric currents in Zeeman-split supercon-
ducting systems there should exist also thermally cre-
ated spin currents29,33. In contrast to thermoelectric cur-
rents, these spin currents do not require a spin polariza-
tion of the barrier between the materials of the hybrid
and, therefore, can exist even in superconductor/normal
metal hybrids provided that there is a spin-dependent
particle-hole asymmetry on at least one side of the inter-
face. It is worth noting that this spin Seebeck effect (it
can be also called by ”thermospin” effect) is also known
for normal (nonsuperconducting) systems36,37, but the
great advantage of using superconductors is that the spin-
dependent particle-hole asymmetry here is very large due
to the presence of the superconducting gap at the Fermi
level. For this reason the thermally induced electric and
spin currents in superconducting structures are ”giant”
with respect to their analogs in normal systems. The
thermally induced pure spin currents were predicted at
S/N interfaces with Zeeman-split superconductors29, at
interfaces between two Zeeman-split superconductors33
and also in more complicated systems, composed of two
Josephson junction interlayers33 and Josephson junctions
with spin-textured materials34, where the additional su-
perconducting phase control of the spin current can be
achieved.
In this paper we show that the existence of such a
”thermospin” effect is a natural source of thermally ac-
tivated pure spin imbalance in superconductors. We ex-
plore the maximal value of this imbalance and its influ-
ence on the superconductivity of S/N bilayer. We predict
that in S/N heterostructures with a temperature differ-
ence between N and S parts the spin imbalance can result
in the enhancement of its critical temperature. A more
interesting case is when it leads to the enhancement or
even appearance of superconductivity upon heating the
sample. This effect can be a clear signature of the pres-
ence of the thermally induced spin imbalance in the su-
perconductor.
There are other ways to create spin imbalance in hy-
brid structures. One of them is the injection of an elec-
tric current from a strong ferromagnet38. It is inevitably
accompanied by electric currents or voltages, that is, it
leads to coupling charge, spin and heat degrees of free-
dom simultaneously. Another way is photoassisted spin
imbalance24. But in this case the spin imbalance gen-
eration mechanism is strongly different. There is no an
external source of spins in the system. The spin imbal-
ance is acquired here not due to spatial movement of the
spin but due to internal redistribution of the quasipar-
ticles between the Zeeman-split energy subbands. This
spin imbalance is absent in the absence of the spin-flip
processes.
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2The paper is organized as follows. In Sec. II we calcu-
late the thermally induced spin imbalance, discuss under-
lying qualitative physics and describe the possible setups,
where the effect can be observed. In Sec. III we calcu-
late and discuss the influence of this spin imbalance on
the superconductivity in the system. Sec. IV is devoted
to the influence of the elastic spin-flip processes on the
predicted effects and discussion of the most favorable for
the experimental realization regimes of parameters. Our
conclusions are presented in Sec. V.
II. SPIN IMBALANCE
At first we describe qualitatively the mechanism of
thermally induced pure spin current generated at the tun-
nel interface between the normal metal and the Zeeman-
split superconductor. Let us consider the corresponding
interface, as depicted in Figs. 1(a) and (b). The external
magnetic field is applied parallel to the thin supercon-
ducting film in order to avoid large orbital depairing of
superconductivity. In this situation the main effect of the
field on the superconductivity is the Zeeman splitting of
the spin subbands. The gapped superconducting DOS is
spin-split and the DOS for spin-up and spin-down spin
subbands are shifted by the value of the Zeeman field
h = µBH in the opposite directions from the the Fermi
level, as it is shown in panels (b) and (c) of Fig. 1. At
finite temperature the spin-up DOS above the gap is par-
tially occupied by quasiparticles and the spin-down DOS
is partially empty below the gap. If the superconductor
temperature TS differs from the normal metal tempera-
ture TN , it leads to the appearance of the quasiparticle
currents between each of the subbands and the normal
metal. These spin-up and spin-down quasiparticle cur-
rents flow in the opposite directions and the electric cur-
rents, carried by these flows cancel each other exactly
due to the overall particle-hole symmetry of the super-
conducting DOS. Therefore, there is no thermoelectric
effect in this situation39, but there is thermally induced
pure spin current. The underlying physical reason is that
the spin-dependent particle-hole asymmetry is very large
here for the energies of the order of ∆ as compared to
the nonsuperconducting case36.
A. Model and basic assumptions
Let us assume that one of the layers (S or N) serves as
a spin reservoir, and the other layer is confined, that is
the thermally injected spin is not removed from it. If the
thickness of this confined layer is less than the spin relax-
ation length, the spin imbalance is accumulated in it due
to the thermospin effect. Now we discuss the conditions
required for the experimental realization of our proposal.
We concentrate on the case when the confined layer is
superconducting because it is interesting in the context
of the spin imbalance influence on superconductivity.
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FIG. 1. (a) Spin imbalance, accumulated in the normal metal
as a function of TN . Different curves correspond to differ-
ent temperatures of the superconducting reservoir TS . (b)
and (c) Schematic illustration of the thermospin effect for the
case when the reservoir is normal. The DOS in the N layer
(left) and in the S layer (right) are shown as functions of ε
(vertical axis). The shaded parts are occupied by electrons.
The pink lines are the distribution function in S. The arrows
correspond to the directions of the electron flow between the
spin-up subband and the N layer. The left part of panel (c)
represents a marked region of the right figure on a larger scale.
The blue line is a superconducting DOS profile, the grey line
represents the thermal quasiparticle filling corresponding to
TN and the black dashed line shows the actual quasiparticle
filling in the superconductor at T = TS .
The temperature difference, which is required for ob-
servation of the considered effects, can be obtained, for
example, in the setups, sketched in Figs. 2(a) and (b). In
both cases the confined S layer [(1) in Figs. 2(a) and (b)]
is a thin film. The magnetic field is applied in the plane
of this film. Insulating substrate (2) is assumed to be
the coldest part of the system and the low temperature
of the substrate is maintained by the external conditions.
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FIG. 2. Sketch of the possible setups, which allow for ex-
perimental observation of the thermally induced spin imbal-
ance in the superconductor. Panel (a) corresponds to the case
of ”cold” superconductor and ”hot” normal reservoir, while
panel (b) illustrates the opposite case of ”hot” superconductor
and ”cold” normal reservoir.
Let us consider the case when the normal reservoir
is more heated than the confined superconducting layer
[Fig. 2(a)]. In this case we assume that the confined layer
has a good heat contact with a substrate. The heat con-
tact between the normal reservoir (3) and the confined
layer is unavoidable, but is assumed to be weaker than
the heat contact between the confined layer and the sub-
strate. To meet this requirement the insulating layer (4)
is inserted. In its thinnest part it works as a tunnel bar-
rier forming the S/N interface. At the same time the
normal reservoir (3) should be decoupled from the envi-
ronment as much as possible. Then it can be heated in
a controllable way by the Joule heat.
The other case (when the confined layer is at higher
temperature) can be realized by inverting the setup de-
scribed above [Fig. 2(b)]. That is the normal reservoir
(3) should be in a good heat contact with the substrate.
In this case to heat the confined superconductor (1) one
needs an additional resistive element (6). The insulating
layer (4) again serves as a barrier between S and N reser-
voir. Another insulating layer (5) is used for preventing
the electric contact between the superconductor and the
heating element.
The particular value of the spin imbalance depends on
the parameters of the system. Further we calculate this
thermally induced spin imbalance under the assumption
τε  τG  τsf , where τε is the characteristic energy re-
laxation time in the layer, τG is the characteristic time,
that a quasiparticle spends in it and τsf is the spin relax-
ation time. Under these conditions quasiparticles in the
confined layer can be described by a definite electronic
temperature T e (due to the fact that the energy relax-
ation is the fastest process) and the different spin species
have their own chemical potentials due to the weakness of
the spin-flip processes. In this case the thermally induced
spin flow across the interface is compensated by the coun-
terflow due to the different chemical potentials for spin-
up and spin-down quasiparticles and the spin relaxation
in the layer can be disregarded because of the inequality
τG  τsf . Therefore, the distribution function takes the
form of the shifted Fermi function f↑(↓) = f(ε−µ↑(↓), T e),
where µ↑(↓) = ±µ, and µ is the resulting spin imbalance.
It automatically leads to zero charge and spin flows across
the interface, but the heat flow is nonzero due to the finite
temperature difference at the interface. Consequently, we
should also take into account the heat balance equation,
which describes the removal of this heat into the phonon
subsystem. The corresponding equation determines the
effective temperature of the electron gas in the confined
layer, but for strong enough energy relaxation this tem-
perature is very close to the phonon temperature in the
layer T e ≈ T ph = T . The heat balance equation is dis-
cussed in detail in subsection II D.
B. Spin imbalance in the normal layer
Let us first analyze the simplest case when the confined
layer, where the spin imbalance is accumulated, is nor-
mal. Under our assumptions µN can be found from the
condition of zero total spin current through the interface:
∞∫
−∞
dε
∑
σ
σNσ
[
tanh
ε− σµN
2TN
− tanh ε
2TS
]
= 0, (1)
where σ =↑, ↓ in the subscripts and ± in the expressions,
and Nσ is the spin resolved DOS in the superconductor.
The spin imbalance µN , accumulated due to the ther-
mospin effect in the normal layer, is plotted in Fig. 1(a)
as a function of TN for different temperatures of the su-
perconductor TS . There are three important features in
the behavior of the spin imbalance: (i) it is obvious that
µN = 0 at TN = TS - there is no thermospin effect at
all; (ii) µN → ∆ − h at TN  TS and (iii) µN → −h
for the opposite limit TS  TN . These characteristic
features determine the maximal value of the thermally
induced spin imbalance in Zeeman-split S/N heterostruc-
tures. These limits are violated when h becomes very
small (of the order of the lowest temperature).
It is interesting to trace how the thermospin imbalance
influences the overall amount of the electron spin accu-
mulated in the normal layer. Without the thermospin im-
balance the accumulated spin S = NFh, where NF is the
energy-independent DOS in the normal layer. If we take
the spin imbalance into account, then S = NF (h+ µN ).
Therefore, at TN  TS we obtain S → NF∆sgnh. That
is, the spin susceptibility in the normal metal becomes
highly nonlinear: it is very high at small h . TN and
nearly zero for larger h until the superconductivity in
the reservoir is destroyed by the Zeeman field. In the
opposite case TS  TN the accumulated spin S ≈ 0 for
a wide range of h. This behavior of the spin suscepti-
bility in the normal metal resembles the behavior in a
superconductor.
C. Spin imbalance in the superconductor
The opposite case of spin accumulation in the super-
conductor µS is presented in Figs. 3(b), 4(b) and 5(b).
This case is more complicated because of the fact that
4the superconducting order parameter ∆ is very sensitive
to the value of the spin imbalance and the particular
temperature of the superconductor. At each point of the
curves µS and ∆ are determined self-consistently from
the following equation, analogous to Eq. (1):
∞∫
−∞
dε
∑
σ
σNσ
[
tanh
ε
2TN
− tanh ε− σµS
2TS
]
= 0 (2)
and the self-consistency equation for the order param-
eter ∆ [Eq. (8)]. Here the limiting values of the spin
imbalance are the same: µS → ∆ − h at TS  TN and
µS → −h for the opposite limit TN  TS , but now ∆
is calculated for the given h, TS , TN and µS . It is also
obvious that µS → 0 at ∆→ 0 or h→ 0 independent of
TN and TS because of zero spin-dependent particle-hole
asymmetry in these cases.
Physically it is clear why the thermally induced spin
imbalance has just these limiting values. If one neglects
the spin relaxation, µS is determined by Eq. (2), which
in fact means that the spin flow is zero for each of the
spin subbands separately. If TS  TN , in the spin-up
subband quasiparticles are accumulated at ε > ∆ − h
[see Fig. 1(c)]. Under the condition of fast thermalization
processes the presence of a large number of quasiparticles
at ε ∼ ∆−h and low temperature of the superconductor
just mean that the chemical potential µ↑ ∼ ∆ − h for
this spin subband. For the opposite case TN  TS [see
Fig. 1(b)] the spin balance for the spin-up subband re-
quires that the spin flow from S to N at ε > ∆−h equals
to the opposite spin flow from N to S at ε < −∆−h. It is
possible if the number of quasiparticles at ε > ∆−h and
ε < −∆ − h are equal, that is the distribution function
should be symmetric with respect to the gap. Conse-
quently, µ↑ = −h.
D. Heat balance equation
The consideration of the previous two subsections was
based on the condition of zero electric and spin currents
through the interface. But the heat flow is nonzero. In
this subsection we discuss the details of the heat balance.
For definiteness we consider the case when the confined
layer is superconducting. If we neglect the elastic spin-
flip processes completely, that is we assume τsf → ∞,
from the Keldysh part of the Usadel equation we obtain
the following equation for the distribution function ϕσ
23:
Dκσ∂
2
xϕσ − Iσ,e−ph − Iσ,e−e = 0 , (3)
where the x-axis is along the normal to the S/N in-
terface, κσ = 1 + | cosh θσ|2 − | sinh θσ|2 accounts for
the renormalization of the diffusion constant by super-
conductivity. It is expressed via the retarded normal
and anomalous Green’s functions in terms of the θ-
parametrization40. The collision integrals Iσ,e−ph and
Iσ,e−e describe the electron-phonon and electron-electron
relaxation processes, respectively. Please note that in
the problem under consideration we only consider the
so-called ”symmetric” types of the quasiparticle nonequi-
librium, when the electron and hole components of the
distribution function are the same, the distribution func-
tion has no τ3 contribution. This is because the source
of the nonequilibrium here is the temperature gradient,
which is just of this symmetric type.
We assume that the film thickness in the x direction
is smaller than the characteristic relaxation length of the
distribution function. Then ϕ↑,↓ does not depend on x.
Integrating Eq. (3) over the width d of the film along
the x-direction and taking into account the boundary
conditions for the distribution function23
κσ∂xϕσ
∣∣∣∣∣
x=0
=
2G
σS
Re[cosh θσ]
(
ϕσ − tanh ε
2TN
)
, (4)
where σS is the normal state conductivity of the super-
conductor and G is the interface conductance, one can
obtain that ϕσ obeys the following equation:
− 2Re[cosh θσ]
τG
(
ϕσ − tanh ε
2TN
)
= Iσ,e−ph + Iσ,e−e ,
(5)
where we introduce the characteristic time, that a quasi-
particle spends in the superconducting layer τG =
(σSd)/(GD).
Multiplying the kinetic equation Eq. (5) by the quasi-
particle energy ε and integrating it over energy, one can
obtain the heat balance equation, which takes the form:
− 2
τG
∞∫
−∞
εdεRe[cosh θσ]
(
ϕσ − tanh ε
2TN
)
=
∞∫
−∞
εdεIσ,e−ph , (6)
the contribution of the electron-electron relaxation term
equals zero because this term conserves the total energy.
We assume that the electron-electron relaxation is the
fastest relaxation process in the system. Under this con-
dition the distribution function takes the form of the
Fermi distribution ϕσ = tanh(ε − µσ)/2T eS,σ. In each of
the spin-subbands this Fermi distribution is characterized
by its own chemical potential µσ and, in principle, its own
effective electronic temperature T eS,σ. Eq. (6) together
with Eq. (2) determines the spin imbalance µσ = ±µS
and the effective temperature T eS,σ of the electron sub-
system of the superconductor for a spin σ. However, due
to the overall particle-hole symmetry Re[cosh θσ(ε)] =
Re[cosh θ−σ(−ε)], Re[sinh θσ(ε)] = −Re[sinh θ−σ(−ε)]
and ϕσ(−ε) = −ϕ−σ(−ε) (the last equality is only valid
for the symmetric type of nonequilibrium) the electron-
5phonon integral23,24,41
Iσ,e−ph = 8gph
∞∫
−∞
dε′(ε′ − ε)2sgn(ε′ − ε)×
[
Re[cosh θσ(ε)]Re[cosh θσ(ε
′)]−
Re[sinh θσ(ε)]Re[sinh θσ(ε
′)]
]
×{
coth
ε′ − ε
2TS
[ϕσ(ε)− ϕσ(ε′)]− ϕσ(ε)ϕσ(ε′) + 1
}
(7)
also manifests the same symmetry Iσ,e−ph(−ε) =
−I−σ,e−ph(ε). In this case Eq. (6) is valid at the same
temperature T eS,↑ = T
e
S,↓ = T
e
S for the both spin direc-
tions.
If the electron-phonon relaxation is strong, that is
τe−ph  τG, it is seen from Eq. (7) that the electron
temperature T eS is very close to the phonon temperature
TS . It is this case that is basically considered in our pa-
per. For this reason we omit the superscript e in all the
calculations below and in Figs. 1, 3-5. But in general we
work with electronic temperatures. In fact, all the results
of Figs. 1, 3-5 are plotted as functions of the electronic
temperature of the confined layer. If the electron-phonon
interaction is not so strong, that is τe−ph . τG, all our
results for the order parameter are still valid, but T eS,N
(which is higher than TS,N ) should be substituted for
TS,N in all the horizontal axes in Figs. 1, 3-5. The oppo-
site limit τe−ph  τG is not of interest, because in this
case the electron temperature in the superconductor is
very close to the temperature of the normal reservoir TN
and the thermally induced spin imbalance is negligible.
III. SUPERCONDUCTING ORDER
PARAMETER
Let us now consider how the thermally induced pure
spin imbalance µS , accumulated in the confined su-
perconductor, influences the superconductivity there.
We assume that the superconductor is in the dirty
limit. The calculations are performed in the framework
of the Usadel equations for the quasiclassical Green’s
functions1–3,42. The superconducting order parameter ∆
is calculated from the self-consistency equation:
∆ =
λ
4
∑
σ
ΩD∫
−ΩD
dεRe [Fσ] tanh
[
ε− σµS
2TS
]
, (8)
where λ is the dimensionless coupling constant and Fσ is
the retarded Green’s function for the spin subband σ.
For the problem under consideration it is enough to
find the retarded Green’s functions in the approximation
of the impenetrable S/N interface. The reason is the
following. If the junction transparency is small, as we
assume, the proximity effect is of the first order with
respect to transparency. But the spin imbalance is of
the zero order with respect to it. As it is seen from
Eq. (1), the spin imbalance is mainly determined by the
temperature difference TN−TS and the Zeeman splitting
of the DOS in the superconductor. Therefore, we can
safely neglect the proximity effect in calculations of the
spin imbalance and the resulting order parameter. In
terms of the θ-parametrization40 the Usadel equation for
the retarded Green’s function in the superconducting film
takes the form:
(ε± h) sinh θ↑,↓ + ∆ cosh θ↑,↓ +
iD
e2
6c2~
H2d2 cosh θ↑,↓ sinh θ↑,↓ = 0, (9)
The last term in Eq. (9) accounts for the depairing of su-
perconductivity in thin films by the orbital effect of the
magnetic field46. d is the thickness of the superconduct-
ing layer in the direction perpendicular to the interface
plane. It is assumed to be smaller than the London pen-
etration depth, so that the field is supposed to penetrate
uniformly into the superconducting layer.
The normalized DOS can be found as
N↑,↓ = Re [cosh θ↑,↓] , (10)
and the retarded anomalous Green’s function, which en-
ters the self-consistency equation, takes the form
F↑,↓ = sinh θ↑,↓. (11)
A. Superconductivity recovering
We begin by considering the case of small TN , plotted
in Fig. 3. In order to clearly see the main physical ef-
fects of µS on superconductivity, at first we neglect the
depairing due to the orbital effect of the magnetic field.
The resulting order parameter as a function of the super-
conductor temperature TS is represented in Fig. 3(a) for
different magnetic fields. The order parameter without
taking into account the thermospin accumulation is plot-
ted by dashed lines. The Zeeman depairing of supercon-
ductivity is clearly seen from these dashed curves. Solid
lines represent the order parameter in the presence of the
thermospin accumulation. Physically the main effect of
the thermospin accumulation here is the compensation
of the Zeeman depairing. It is seen from Fig. 3 that in
the presence of this accumulation ∆ survives at larger
temperatures as compared to dashed lines. This is the
recovering of superconductivity by creation of spin im-
balance. The critical temperature increases and can suf-
ficiently exceed its value without thermospin effect and
∆(TS)→ ∆(TS)|H=0.
The underlying qualitative physics can be described
as follows. At first let us consider the classical BCS su-
perconductor with the gap, which is symmetric over the
quasiparticle energy and spans the energy region from
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FIG. 3. (a) Superconducting order parameter for TN = 0.1∆0
(vertical gray line) as a function of TS . Here ∆0 ≡ ∆(TS =
TN = 0, h = 0). Different colors correspond to different mag-
netic fields. The dashed lines are results of the order param-
eter calculation at µS = 0 (the dashed-dotted parts of the
curves represent the absolutely unstable branches of the solu-
tions). The solid lines are the results taking into account the
real value of the spin imbalance. The dotted parts of these
curves correspond to absolutely unstable branches of the so-
lution. (b) The appropriate spin imbalance µS as a function
of TS .
−∆ to ∆. The symmetric location of the chemical po-
tential at ε = 0 provides the conditions that the number
of thermal quasiparticles in the system is minimal. In our
case the superconducting gaps in the two spin subbands
are shifted by the Zeeman term. The same argument is
valid in this case also: setting the value of the chemi-
cal potential of the corresponding subband just in the
middle of the gap, we minimize the number of thermal
quasiparticles. Therefore, their depairing effect on super-
conductivity is minimal also and it leads to the gain in
the condensation energy of the system.
The dotted parts of the curves represent absolutely
unstable solutions. In the regions where these unsta-
ble solutions exist, normal (∆ = 0) and superconduct-
ing states are stable simultaneously43–45. Therefore, the
first-order transition from the superconducting to normal
state should take place at high enough magnetic fields.
However, the problem of finding the exact value of the
transition field is beyond the scope of the present work
because we assume the spin-flip time to be the largest
time scale. Nevertheless, most of the curves, represented
in Fig. 3(a) is below the zero-temperature Pauli limiting
field h = ∆0/
√
244.
Now we take into account the realistic values of the
orbital depairing by the applied magnetic field. The cor-
responding results are presented in Fig. 4.
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FIG. 4. (a) Superconducting order parameter for TN =
0.05∆0 as a function of TS . (b) The appropriate spin im-
balance µS as a function of TS . The different types of lines
mean the same as in Fig. 3. The orbital depairing parameter
β = 0.2.
Comparing Fig. 4 to Fig. 3, we can see that the re-
sults are very similar, but now the recovering of super-
conductivity is incomplete at any temperatures of the
superconductor. This is because now there are two dif-
ferent depairing factors in the system: (i) the Zeeman
depairing and (ii) the depairing by the orbital effect. The
Zeeman depairing can be fully compensated by the ap-
propriate spin imbalance47,48, but the orbital depairing
cannot. The reason is the following. Neglecting the spin-
flip processes the anomalous Green’s function in the su-
perconductor takes the form:
FRσ =
∆√
∆2 − [ε+ σh+ iΓ] , (12)
where Γ effectively takes into account the orbital depair-
ing. Substituting this Green’s function into Eq. (8), one
can see that the appropriate choice of the spin imbal-
ance µS = −h fully compensates the depairing by the
Zeeman term, but it does not influence the depairing by
Γ because it enters the Green’s function not as an en-
ergy shift, but rather as a broadening. When the rela-
tive value of the orbital depairing grows, the smaller and
smaller part of the superconductivity suppressed by the
magnetic field can be recovered by the spin imbalance
and the effect of recovering becomes less pronounced.
The sensitivity of the system to the orbital effect of
7the applied magnetic field is described by the param-
eter β = De2∆0d
2/(6c2~µ2B). Quantitatively, the rel-
ative influence of the orbital depairing with respect to
the Zeeman one is controlled by the dimensionless ratio
βµBH/∆0 = De
2Hd2/(6µB~c2)46, which should not be
considerably larger than unity. For the typical Al pa-
rameters and h ∼ ∆0 it means that d should not exceed
several tens of nanometers. This simultaneously satisfies
the condition that the film thickness does not exceed the
London penetration depth.
It is interesting to note here that the spin imbalance,
which recovers superconductivity, can be induced not
only by the thermal difference, but also by the spin in-
jection from ferromagnets47,48.
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FIG. 5. (a) Superconducting order parameter for TN = 0.4∆0
as a function of TS . (b) µS as a function of TS . The different
types of lines mean the same as in Fig. 3. β = 0.2.
B. Nonmonotonic dependence of ∆(T ) and
superconductivity appearance upon heating
Now we turn to considering the case of large TN , plot-
ted in Fig. 5. Here the realistic orbital depairing is taken
into account from the very beginning. By comparing
Figs. 5(a) and (b) it is seen that in this case the suppres-
sion of superconductivity by the effective Zeeman field is
only increased by the spin imbalance. The suppression
is strongest for the lowest superconducting temperatures,
where the value of the spin imbalance is maximal. In this
case the superconducting order parameter shows very un-
usual behavior on the superconductor temperature TS . It
is absent for small TS and arises upon heating the super-
conductor.
We can give the following physical explanation of these
results. In the case when the confined superconductor is
colder than the reservoir, to provide the zero spin and
charge current through the interface a large number of
quasiparticles is injected from the normal reservoir to
the superconductor (electron-like to the spin-up subband
and hole-like to the spin-down subband), see Fig. 1(c).
These quasiparticles cannot annihilate each other due to
the weakness of the spin-flip processes in our system and
are only redistributed over energy due to the interaction
with the cold phonon subsystem. As a result, we have
a large number of quasiparticles in the low-temperature
superconductor right above the gap. Obviously, it causes
a strong depairing influence on superconductivity. At
the same time, it is this quasiparticle distribution that
is the spin imbalance in the system. This situation is
to some extent the opposite of the well-known nonequi-
librium enhancement of superconductivity predicted by
Eliashberg49. The injected quasiparticles suppress super-
conductivity more effectively due to the cooling by the
phonon subsystem [see Fig. 1(c)].
Upon heating the superconductor it is required to in-
ject fewer quasiparticles from the normal reservoir to pro-
vide the charge and spin balance. And also the part of
the quasiparticles, located in the energy region of the
coherence peak, is decreased. Therefore, the additional
suppression of superconductivity by these injected quasi-
particles gets lower. Under certain conditions it can re-
sult in nonmonotonic dependence of the order parameter
on temperature.
It is worth noting that the effect of superconductiv-
ity appearance upon heating is only possible for large
enough magnetic fields (h > 0.5∆0), when in the ab-
sence of the thermospin effect the solution of the self-
consistency equation becomes multi-valued. The point is
that the system must have a possibility to reside in the
normal state at T → 0 in the absence of the thermo-
spin imbalance. This possibility appears at h > 0.5∆0,
when the normal state solution becomes metastable (but
not absolutely unstable) at low temperatures43–45. In
the presence of the thermospin imbalance this solution
becomes the most stable.
The effect of appearance (or at least enhancement) of
the order parameter upon heating the superconductor
can be viewed as a hallmark of spin imbalance in it. If
the contact with a hot normal reservoir only leads to the
heating of the superconductor, the nonmonotonic depen-
dence ∆(T ) is not possible. The reason is that in the
absence of the spin imbalance the superconducting gap
decreases monotonously with increase of the supercon-
ductor temperature.
IV. INFLUENCE OF SPIN-FLIP PROCESSES
Now we discuss the applicability of our predictions to
real experimental systems. The above consideration of
the effect is under the assumption τε  τG  τsf because
8it is the most simple and clear case from the theoretical
point of view. At the same time the spin-flip processes
are destructive for this type of spin imbalance. In real ex-
perimental setups different regimes are possible. While
for thick enough Al film very weak spin-flip rates (the
spin relaxation length up to the hundreds of microns,
that is the condition τε  τsf works very well) were
reported38, the opposite case τsf . τε is realized in thin
Al films (the thickness is ∼ 10nm)15–17,19,25,50. But, in
fact, in order to observe our predictions it is enough to re-
alize the much weaker condition τε  τG  τsf (τsf∆0).
Physically, this is because in the energy interval of inter-
est ∆ − h < |ε| < ∆ + h the elastic spin-flip processes
are strongly weakened by the smallness of the DOS in
one of the spin subbands. Below in order to justify this
statement we estimate the influence of the finite value of
the elastic spin-flip processes on the thermally induced
spin imbalance.
It is convenient to turn to another representation
for the distribution functions and introduce ϕ0,t =
(1/2)(ϕ↑ ± ϕ↓). For these distribution functions the ki-
netic equations take the form23:
D(κ1∂
2
xϕ0 + κ2∂
2
xϕt)−
(I↑ + I↓)
2
= 0, (13)
D(κ2∂
2
xϕ0 + κ1∂
2
xϕt)−Kϕt −
(I↑ − I↓)
2
= 0 , (14)
where κ1,2 = (κ↑ ± κ↓)/2 and we collect the electron-
electron and the electron-phonon relaxation processes
into the same collision integral Iσ. K = Kso + Kmi is
responsible for the spin relaxation by elastic processes:
spin-orbit scattering and spin-flip scattering by magnetic
impurities, and23
Kso(mi) = 16τ
−1
so(mi)
[
RegR↑ Reg
R
↓ ∓ RefR↑ RefR↓
]
.(15)
K = Kso + Kmi = K(ε) depends on the quasiparticle
energy. For the problem under consideration the most
important energies are in the range ∆− h < |ε| < ∆ + h
because the distribution function differs from its equi-
librium value mainly in this energy interval. Within this
energy interval only the DOS for one of the spin subbands
(N↑ ≡ RegR↑ for the positive energies and N↓ ≡ RegR↓ for
the negative energies) is not small, as it can be seen in
Figs. 1(b) and (c). The DOS for the other spin subband is
zero if one neglects the spin-orbit elastic scattering and
the scattering by magnetic impurities at all and of the
order of (τsf∆0)
−1  1 if one takes into account these
self-energy terms. The same is also valid for the anoma-
lous parts RefR↑,↓. Therefore for the energy interval of
interest
K(ε) ∼ τ−1sf (τsf∆0)−1 , (16)
that is the elastic spin-flip processes are strongly weak-
ened by the smallness of the DOS in one of the spin
subbands.
Integrating Eqs. (13) and (14) over the width of the su-
perconductor and making use of the boundary conditions
Eq. (4), one can come to the following equations:
− 2
τG
[
RegR0 (ϕ0 − tanh
ε
2TN
) + RegRt ϕt
]
=
(I↑ + I↓)
2
(17)
− 2
τG
[
RegR0 ϕt + Reg
R
t (ϕ0 − tanh
ε
2TN
)
]
=
Kϕt +
(I↑ − I↓)
2
.(18)
Eqs. (17)-(18), in principle, allow for exactly taking into
account the spin-flip processes. But here we are only
interested in qualitative estimates of their influence on
the order parameter behavior in two cases: (i) the recov-
ering of superconductivity when TS > TN and (ii) the
enhancement or appearance of superconductivity upon
heating when TS < TN .
We assume that ϕ0,t = (1/2)
[
tanh ε−µ2TS ± tanh
ε+µ
2TS
]
+
δϕ0,t ≡ ϕ(0)0,t + δϕ0,t. Then we linearize Eqs. (17)-(18)
with respect to δϕ0,t. The collision integrals can be writ-
ten in the form Iσ = Iσ(ϕ
(0)
0,t ) + δIσ. For the qualita-
tive estimates we consider the energy relaxation in the
τ -approximation, so that
δIσ =
δϕ0 + σδϕt
τε
. (19)
Strictly speaking, τε also depends on the spin direction,
but we do not take it into account for the qualitative
consideration.
Making use of Eq. (19), from Eqs. (17) and (18) one
obtains the following estimates for δϕ0,t:
δϕt = −Kτεϕ(0)t , (20)
and
δϕ0 = −2RegRt
τε
τG
δϕt ∼ τε
τG
Kτεϕ
(0)
t . (21)
As far as we consider the regime τε  τG  K−1, we
can neglect the correction (21) to ϕ0, because it is much
smaller than the correction (20) to ϕt.
Turning to the original representation we obtain that
the corrections due to spin-flip processes to ϕσ take the
form:
δϕ↑,↓ = ∓Kτε
2
[
tanh
ε− µ
2TS
− tanh ε+ µ
2TS
]
. (22)
We see that under the condition τε  τG  K−1 they
are small and have only minor influence on the effects
we consider. In the energy interval of interest this con-
dition is equivalent to τε  τG  τsf (τsf∆0). This is
much weaker than τε  τG  τsf and even for the thin
films used in the recent experiments15–17,19,25,50, where
τsf . τε was reported, it is probably valid because of the
smallness of the factor (τsf∆0)
−1.
At the same time τG can be chosen in the appropriate
interval by varying the transparency of the tunnel S/N
interface.
9V. CONCLUSIONS
In conclusion, we have shown that the giant ”ther-
mospin” effect in Zeeman-split S/N heterostructures can
lead to an accumulation of a pure spin imbalance in some
parts of a system. The maximal value of this imbalance
is of the order of Zeeman splitting of the superconduct-
ing DOS. This thermally induced pure spin accumula-
tion strongly influences the superconductivity in the het-
erostructure. Different regimes are possible: if the super-
conducting part is more hot than the normal one, the spin
imbalance weakens the Zeeman depairing and, therefore,
recovers superconductivity in the system. Otherwise, if
the normal part is more hot, then the imbalance strength-
ens the Zeeman depairing of superconductivity. It can
result in the appearance of superconductivity upon heat-
ing the sample. It is obvious that the spin imbalance
also strongly influences the weak superconductivity re-
gions, such as Josephson junction interlayers. Therefore,
the effect discussed here can be used to control the ap-
pearance and positions of 0− pi transitions in the S/N/S
junctions via the manipulating by the temperature dif-
ference between the leads and the interlayer.
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